Molecular evolutionary biologists found a treasure in mitochondrial DNA (mtDNA) for reconstruction of the historical relationships between groups. 1 Because it appears that mtDNA does not undergo recombination and is maternally inherited, examination of different mtDNA sequences appears to faithfully record the history of sequential mutation over time in maternal lineages. In addition, the lack of recombination is fundamental in the forensic application of mtDNA and is critical in understanding the transmission of diseases due to mtDNA mutations. 2 In recent years, there have been reports of exceptions to this dogma, including a variety of inheritance patterns in plants and invertebrates, but it appeared that the conventional assumptions about mtDNA were still true in vertebrates. However, a recent report 3 suggested that a negative relation between a measure of linkage disequilibrium (r 2 ) and physical distance could mainly be due to recombination. Because this is potentially an extremely significant finding, it is important to examine in detail the basis of these conclusions.
The recombinational explanation appears to be accepted by some researchers 4 ± 7 although others have pointed various problems with this interpretation. 8 ± 11 On the other hand, mutation is known to occur at a high rate in mammalian mtDNA and transitional variants are produced at a greater than 10-fold higher rate than transversional variants. Therefore, if these observations 3 can be easily be accounted for by mutation, as we will show below, then there is no reason to resort to a recombinational explanation. We will first present a background discussion of measures of linkage disequilibrium and then concentrate on the mutational explanation for the patterns observed. Linkage disequilibrium is the amount of statistical association of alleles (nucleotides) at different loci (sites). A number of evolutionary factors ± selection, genetic drift, gene flow, mutation, and genetic hitchhiking ± can generate linkage disequilibrium. 12 However, for tightly linked, neutral loci, a balance between the generation of linkage disequilibrium, primarily by genetic drift (and mutation), and its reduction by recombination, is generally assumed. Mutation may play a dual role and can both generate disequilibrium by new mutations and reduce disequilibrium through recurrent mutation, but the former is of greater significance in shortterm evolutionary history. That the association of alleles at different loci, linkage disequilibrium, approaches random proportions asymptotically by recombination was first noted in 1909. 13 The simplest measure of linkage disequilibrium for two biallelic loci, D, is the difference between the observed and expected frequencies of a gamete (haplotype). Let us assume that there are two alleles at each of two loci and that the most frequent allele at locus A is designated A 1 (with frequency p 1 ) and the most frequent allele at locus B is designated B 1 (with frequency q 1 ). There are four different gametes, which have the observed frequencies, x i , as given below. The expected frequencies of the gametes are the product of the frequencies of the constituent alleles. For example, the expected frequency of gamete A 1 B 1 is p 1 q 1 . The deviation between the observed and expected frequencies of this gamete is
and is the basic linkage disequilibrium measure 14 (this can also be calculated as
However, the largest value that D can take is a function of the allele frequencies at the two loci and its maximum (minimum) of 0.25 (70.25) is only possible when all alleles have frequencies of 0.5. As a result, a standardized modification of D 
The sum of the gametic frequencies is x 1 +x 2 +x 3 =1 and after substitution, x 1 =p 1 +q 1 71. Assuming that the ancestral alleles A 1 and B 1 are the most frequent and their frequencies are equal to p 1 and q 1 , then
In other words, D' gives the maximum absolute disequilibrium possible for these allele frequencies, suggestive of the lack of recombination. On the other hand, for the above gametic array
For example, when x 1 =0.6, x 2 =0.24, x 3 =0.16, and x 4 =0, then r 2 =0.06. In this case, only mutation has been responsible for the gametic array and the low r 2 value does not reflect past recombination. It has been argued that r 2 has more`power' to detect lack of recombination than D'. 6 However, in cases like this, low r 2 values may falsely suggest that recombination has occurred when mutation is a simpler explanation. A better approach to determine how likely it would be to observe the maximum D' for given allele frequencies is to calculate the probability of observing an equal or more extreme two-locus association by chance alone (P), Fisher's exact test. 20 The exact probability depends upon sample size and if we use the same gametic frequencies as above, then for total sample sizes of 25, 50, and 100, P=0.54, 0.17, and 0.01, respectively. In other words, the statistical significance of this low (0.06) value of r 2 , suggested to indicate recombination, is highly dependent upon the sample size. Now let us assume again that the various observed sequences 3 are generated by mutation and construct a neighbour-joining, phylogenetic tree for the 14 variable sites analysed from the 45 (22 unique sequences for these 14 sites) sequences analysed 3 as given in Figure 1 . 10 As examples of linkage disequilibrium, let us examine some instructive site pairs on this tree. There are three pairs of closely linked sites in the cytochrome b gene, positions 14783, 15043, and 15301, with very high r 2 values. 21 For example, for the site pair 14783 ± 15043, there are 35 TG, 0 TA, 0 CG, and 9 CA sequences (Table 1a ). All of the measures of linkage disequilibrium for these gametes reflect high disequilibrium. However, all 9 CA sequences can be the result of two unique transition mutations (T to C at 14783 and G to A at 15043) that are both present in the adjacent groups of six and three sequences at the bottom right of the phylogenetic tree (the other two sites pairs, 14783 ± 15301 and 15043 ± 15301, have nearly the same pattern). In other words, the high disequilibrium values can be both related to the phylogenetic history of the sequences and a function of the high number of identical sequences. Figure 1 The neighbour-joining tree based on the 14 variable sites in the 45 human mtDNA sequences. 3 Note that the scale indicates one nucleotide difference and that many of the sequences are represented multiple times. The wallace-A sequence is connected to the tree with a dotted line because it had missing data at three sites.
A group of site pairs that differs between the linkage disequilibrium measures is a set of six site pairs approximately 8000 bp apart. These site pairs again involve the three sites in close proximity above and two other sites, 6455 and 7028, on the opposite side of the molecule. For example, for the site pair 7028 ± 14783, there are 24 TT, 9 TC, 11 CT, and 0 CC sequences (Table 1b) . In this case, |D'| indicates high disequilibrium while r 2 indicates low disequilibrium. The exact probability is nearly significant, suggesting that there is relatively high disequilibrium. Further, from examination of the phylogenetic tree, the low disequilibrium indicated by r 2 is consistent with a mutational explanation. In this case, a unique mutation at 14783 (T to C as before in the two adjacent groups of six and three sequences) and two independent transition mutations at 7028 (T to C in the group of 10 sequences and the poyak2 sequence) produce the gametic array in Table 1b . Another informative example is for the distant site pair 6455 ± 14783 in which there are 33 CT, 6CC, 2 TT, and 3 TC sequences (Table 1c) . In this case, |D'| is half the maximum possible and r 2 is again low but the exact probability is significant. If we examine the phylogenetic tree, we find that all the 6 CC sequences are found in the lower branch connecting to a clade of six haplotypes, the 2 TT sequences are in the adjacent ozawa1-U and ozawa2-U sequences, and the 3 TC sequences are in the lower branch of three. In other words, a single mutation at 14783 and two independent transitional mutations at 6455, one leading to the ozawa sequences and one leading to the branch of three, provide a simple explanation for this gametic array. Here again the exact probability is a better indicator of the association between sites than r 2 . If recombination were significant, then one would predict that the two sites, 6455 and 7028 (Table 1d) the phylogenetic tree reveals single transitional changes at four sites, two independent transitional changes at eight sites, and single, followed by backward, transitional changes at two sites. In addition to the argument of a negative association of linkage disequilibrium and distance, an excess of homoplasmic sites has been cited as support for mtDNA recombination. 7 In the new data set in which this was examined, 18 a significant excess of homoplasmic sites was not found. Further, in this study, 18 it was suggested that in the earlier data 3``t here are substantial uncertainties and complexities that influence the estimation of both the expected and the observed number of homoplasies''. Overall, the pattern of linkage disequilibrium observed 3 is entirely consistent with mutation as an explanation. Before recombination is accepted as important in human (vertebrate) evolution, either direct evidence from family studies, observation of mtDNA sequences that could only be considered recombinant, or definitive evidence from population studies, in which mutation can be excluded as an explanation, are necessary. Of course, if recombination does occur but at a low rate relative to mutation, then any signal in the amount of linkage disequilibrium from recombination would be obscured by mutation. However, recent evidence is already mounting against mtDNA recombination from population studies. 18, 19 Philip Hedrick and Sudhir Kumar Department of Biology, Arizona State University, Tempe, AZ 85287, USA 
